The electronic properties of nanoparticles can differ from those of their corresponding bulk form due to confinement effects caused only by their finite size, and because they are structurally distinct. Quantum confinement is the dominant size effect, and has been well studied (1-6). Structural deviations in nanoparticles relative to bulk material are not well understood because they are hard to resolve experimentally (7). Consequently, theoretical models of nanoparticles generally assume they have bulklike interior structure (8). Tight-binding calculations that optimized nanoparticle structure, and assumed full theoretical passivation of surface anions, suggested that surfaces of nanoparticles relax in a manner comparable to that of bulk surfaces (9). However, classical and quantum molecular dynamics simulations have indicated that disorder may pervade throughout nanoparticles (10, 11) . We previously showed that nanoparticles can undergo substantial transformation in structure at low temperature, driven by surface interactions, indicating that internal strain depends upon the nature of the surroundings as well as size (12). However, a detailed description of the strain within nanoparticles has not been experimentally obtained. We combine pair distribution function and extended x-ray absorption fine structure (EXAFS) analyses to quantify the structural distortion within mercaptoethanol-coated zinc sulfide (ZnS) nanoparticles and the consequent changes in lattice dynamics.
Mercaptoethanol-coated ZnS nanoparticles were synthesized using the method of Vogel et al. (13) . Fits to small-angle x-ray scattering (SAXS) data indicate that the average diameter is 3.4 nm with a full width at half maximum (FWHM) of 0.6 nm for the size distribution (Fig. 1) , in close agreement with the size estimated from ultravioletvisible absorption spectroscopy ( fig. S1 ) (14 ). High-resolution transmission electron microscope (HRTEM) data confirm the size determined by SAXS and show that the nanoparticles are approximately spherical ( fig. S2) .
We acquired wide-angle x-ray scattering (WAXS) patterns from powders of bulk ZnS (sphalerite structure) and mercaptoethanolcoated ZnS nanoparticles ( fig. S3 ). Although the WAXS patterns from the nanoparticles and from the bulk material have peaks in essentially the same positions (indicating that they share the same basic structure), the peaks from the nanoparticles are wider and less intense. We obtained the real-space interatomic distance correlation functions, commonly known as pair distribution functions (PDFs), from the WAXS data using standard methods (14-17 ). The PDFs of bulk ZnS and ZnS nanoparticles are given in Fig.  2A . The PDF reveals interatomic correlations at much greater distances than can be achieved by EXAFS (see below) (18) (19) (20) . In contrast to Bragg peak analysis of diffraction data (21), the PDF additionally uses information from total diffuse x-ray scattering.
The nanoparticle PDF approaches zero at 2.0 nm rather than at 3.4 nm, indicating the presence of structural disorder. A detailed analysis of the disorder in the nanoparticles can be made by comparing the observed PDF to one obtained by truncating the PDF from bulk ZnS with a real-space curve associated with a 3.4-nm-diameter sphere (14, 22) . This operation creates the PDF of "ideal" ZnS sphalerite nanoparticles, also shown in Fig.  2A , allowing finite particle-size effects on the diffraction data to be separated from structural effects.
The PDF for real ZnS nanoparticles is distinct from that of ideal nanoparticles in the following respects: (i) The first-shell PDF peak intensity, representing Zn-S bonds throughout the nanoparticles, is lower for real than for ideal nanoparticles. (ii) PDF peak intensities at higher correlation distances diminish more rapidly in the real nanoparticles. (iii) PDF peak widths are broader in the real nanoparticles. (iv) PDF peak positions are shifted. Observations (i) to (iii) indicate the presence of two distinct forms of excess static disorder within the real nanoparticles relative to bulk sphalerite (Fig. 3, A and B) . The low dependence on temperature of WAXS measurements ( fig. S7 ) indicates that this excess disorder is structural (i.e., static disorder) rather than vibrational (i.e., thermal disorder). The reduction and broadening of all peaks in the PDF indicate that the random mean squared displacements about equilibrium positions (uncorrelated with the positions of neighboring atoms) are increased (Fig. 3A) . However, this type of disorder broadens all peaks in the PDF equivalently and cannot explain the loss of intensity with increasing interatomic distance. Thus, a second effect is that strain within the nanoparticle causes correlated shifts in the equilibrium positions themselves, relative to the perfect sphalerite lattice (Fig. 3B ). This effect is cumulative with increasing interatomic distance and causes peak intensities in the real nanoparticle PDF to vanish at a correlation length of about 2.0 nm.
In addition, observation (iv) indicates a contraction of nanoparticle bond lengths (Fig.  3C) . We quantified the lattice contraction and the two types of disorder by fitting real-space interatomic correlations from the sphalerite structure to the experimental PDFs (14 ). From a fit to the bulk sphalerite data ( fig. S5) , we obtained the thermal contribution to PDF peak broadening by fitting the mean squared relative displacement (MSRD) while accounting empirically for correlated atomic motion (23). From a fit to the nanoparticle data that accounted for the nanoparticle size and incorporated the thermal MSRD value obtained from the bulk, we obtained two , bulk ZnS following truncation by the shape factor for a 3.4-nm-diameter sphere (gray curve), and mercaptoethanol-coated ZnS nanoparticles of average diameter 3.4 nm (black curve). (B) Theoretical fit (gray curve) to the PDF of ZnS nanoparticles (black curve), accounting for finite particle size and including the thermal mean square relative displacement (MSRD) obtained from a fit to the bulk sphalerite data (inset, diamonds). In addition, the fit includes a static harmonic disorder contribution to the MSRD (inset, squares) and a short-range order (SRO) parameter (inset, circles). The MSRD contributions broaden the PDF peaks; the SRO parameter is an intensity scaling factor. additional static disorder parameters that have a dependence on interatomic distance, r. The first parameter is the static MSRD contribution to PDF peak broadening due to random displacements about equilibrium positions. The second is a short-range order parameter, P SRO (r), where 0 Ͻ P SRO Յ 1, that causes the loss of PDF peak intensity due to the correlated shifts in equilibrium positions. The best-fit results are given in Fig. 2B .
The static MSRD contribution is shown in the inset to Fig. 2B . Its form resembles that of the thermal MSRD (obtained from bulk ZnS) in that there is less disorder at short correlation lengths. For thermal disorder, this lineshape is due to correlated atomic motion (23). By analogy, the static disorder is also correlated over short distances.
The best-fit curve P SRO (r) approaches zero with increasing correlation distance. This shows that, at larger interatomic distances, fewer atoms maintain definite structural relationships relative to other atoms in the nanoparticle. This finding is consistent with preservation of short-range order, strong reduction in intermediate-range order, and complete loss of structural coherence at distances greater than 2 nm (16 ).
From the PDF fit, we measured a mean 1% radial contraction of interatomic correlations in the real nanoparticles. However, the peak shifts are more complex, as indicated by a plot of nanoparticle peak shift versus sphalerite peak position (Fig. 3C) . From studies on a model nanoparticle subjected to structural modifications, we can show that simple models for internal strain can be distinguished by the shifts in the associated PDF peak positions ( fig. S8) . However, we conclude that the strain within the real nanoparticles is more complex than that described by any of the simple models that we considered, including uniform, or surfaceweighted, radial strain; linear strain; or the presence of stacking faults.
The loss of structural coherence and the inability of simple strain models to describe peak shifts in PDF data point to the existence of complex strain fields within the nanoparticles. We infer that the pervasive internal distortion is due to strain that arises from the competing attempts of the structurally diverse terminating surfaces that encompass the nanoparticles to adopt lower energy configurations. Even with strong chemical passivation, nanoparticle surfaces are generally nonstoichiometric [because capping ligands interact with surface cations or anions only, e.g. (20)] and incompletely capped [due to steric limits, e.g. (24 )]. The inherent limit of surface passivation creates structural effects throughout the nanoparticle interior, despite the highly crystalline appearance within the transmission electron micrographs (fig. S2) or from x-ray diffraction ( fig. S3) . We anticipate that the observed forms of disorder are general features of nanoscale solids and will be especially pronounced where there is minimal passivation.
Because internal strain and disorder can substantially affect materials properties, we investigated the lattice dynamics of the ZnS samples. We obtained Zn K-edge EXAFS spectra between 3 and 500 K from the same bulk ZnS and ZnS nanoparticles used in the PDF analysis (Fig. 4A and fig. S9 ). The EXAFS spectra from bulk ZnS contain peaks from long-range structure that are weak or absent in the spectra from the nanoparticles, even at low temperature.
We obtained the first-shell (Zn-S) MSRD as a function of temperature by fitting the data in Fig. 4A to ZnS scattering paths obtained through simulation using the FEFF code (14, 25) . In Fig.  4B , the nanoparticle MSRD curve is offset from that of the bulk, indicating the presence of excess static disorder in the nanoparticles. The roomtemperature EXAFS and PDF analyses yield consistent measurements of this excess structural disorder. First-shell combined thermal and static MSRDs in bulk and nanoparticles are 5.1 ϫ 10 -3 Å 2 and 6.4 ϫ 10 -3 Å 2 , respectively, from fits to the EXAFS data, and 5.0 ϫ 10 -3 Å 2 and 6.6 ϫ 10 -3 Å 2 from fits to the PDF data. From Fig. 4B , the amplitudes of vibrations in bulk ZnS begin to increase rapidly with temperature at ϳ70 K, but this increase is not seen in the nanoparticles until ϳ130 K. This indicates structural stiffening in the nanoparticles.
We fitted the temperature response of the MSRD to a theoretical expression for the anharmonic Einstein oscillator (14, 26 ) . In the Einstein model, the Zn-S bonding pair is considered to vibrate in the center of mass 
